The formation of nanoscale and sub-nanoscale solute aggregates (clusters, Guinier-Preston zones and precipitates) in an AlZnMg alloy (Al-2.1 at.% Zn-1.5 at.% Mg) has been followed by a combination of experimental techniques with the aim of correlating the properties of the aggregates with their thermal history. The choice of thermal treatments was guided by the results of mechanical and calorimetric characterizations, supported by transmission electron microscopy for the identification of the morphology of the aggregates. Positron annihilation spectroscopy (using two variants of this technique, coincidence Doppler broadening and lifetime spectroscopy) was adopted for determining the local chemistry in the proximity of open volume defects. The geometrical parameters of the distribution (size, volume fraction, numerical density of the solute aggregates) were obtained by small-angle X-ray scattering. The results of the investigation provide new information regarding: two families of vacancy-rich clusters formed during or immediately after quenching; Guinier-Preston zones formed at 95 C after room-temperature pre-ageing; growth of 0 and phases at 150 C; solute clusters formed at room-temperature in conditions of secondary ageing after preliminary heating at 150 C.
Introduction
The mechanical properties of Al alloys of technological interest are determined by type, size and distribution of nanometric and sub-nanometric solute aggregates (disordered clusters, Guinier-Preston zones and precipitates). Adequate knowledge of the elementary mechanisms that, in correlation with composition and thermal history, control the structural evolution and the stability of alloys is at the basis of the modern physical metallurgy. This objective is actively pursued in many laboratories by combining spectroscopic techniques to classic bulk methods and *Corresponding author. Email: alfredo.dupasquier@polimi.it electron microscope imaging. Within this framework, positron annihilation spectroscopy (PAS) is adopted to investigate the role of vacancies in assisting the formation of solute clusters and in contributing to their stability (for an overview of PAS applications in the field of light alloys, see Dupasquier et al. [1] ). Two variants of PAS are currently applied for the study of alloy decomposition phenomena, i.e. lifetime spectroscopy (LS) and coincidence Doppler broadening (CDB) spectroscopy. LS has proven to be very useful in studying the evolution of vacancy-solute association under kinetics aspects (see, for example, Somoza et al. [2, 3] ); CDB is specific for measuring the concentration of solute in contact with vacancies or next to misfit interfaces [4] [5] [6] . On the other hand, PAS techniques give no information regarding volume fraction, dimensions and crystal structure of solute aggregates; therefore, PAS needs to be combined with geometrical and morphologic characterizations.
In the present work, LS and CDB were used jointly with SAXS in order to investigate the solute aggregates formed during selected isothermal ageing treatments in a typical medium-strength AlZnMg system. A few transmission electron microscopy (TEM) images and diffraction patterns are also reported to corroborate the interpretation of the results, although extensive literature leaves no doubt about the decomposition sequence and the dominant phases formed in alloys of similar composition (for a review, see Lendvai [7] ; other results can be found in Berg et al. [8] and references therein).
The choice of thermal treatments adopted in the present work was based on the results of microhardness measurements and differential scanning calorimetry (DSC) observations recently performed for the same alloy by some of the present authors [9, 10] . The four selected treatments lead to very different morphologies of solute aggregates: clusters or embryonic Guinier-Preston zones (henceforth GP zones); well-developed GP zones; semi-coherent and incoherent precipitates; bi-modal distribution of solute aggregates, comprised of big precipitates and small clusters. Preliminary results of this work that were presented as conference papers [11, 12] are reported here with a revised analysis.
Experimental procedures

Sample composition and thermal treatments
All the experiments described below were carried out on a laboratory alloy prepared from pure elements at the Istituto Sperimentale Metalli Leggeri in Italy (Al-2.1 at.% Zn-1.5 at.% Mg corresponding to Al-4.8 wt% Zn-1.26 wt% Mg). Main impurities were 200 wt ppm Fe, 20 wt ppm Mn, 510 wt ppm Si; the influence of these impurities has been neglected in the analysis of the CDB data. This composition is basically the same of the commercial alloy AA7020, which is a medium-strength weldable material widely used in the automotive and military industries. The samples were all cut from the same rod, which had been homogenized for 12 h at 480 C. The solution treatment was performed at 480 C for 1 h, followed by quenching in water at room 3298 A. Dupasquier et al. temperature (RT, 22 C). All other thermal treatments above RT were carried out in glycerine or oil bath, followed by water quenching at RT.
Positron lifetime spectroscopy
LS measurements were taken at RT with a standard fast-fast time spectrometer operated at high counting rate (coincidence rate: %1300 counts/s; prompt FWHM: 250 ps). The 22 Na positron source was sandwiched between two Kapton foils (7.5 mm thickness). The fraction of annihilation in Kapton (12.5%) was determined by taking a lifetime spectrum for annealed Al. After subtraction of the source component, all spectra were analysed as a single exponential decay using the Positronfit program [13] . In spite of the satisfactory numerical fits, the single component model may hide a superposition of unresolved contributions; therefore the positron lifetime obtained by one-component analysis is to be meant as an average over different annihilation channels. The variations of that are normally observed during the ageing of an alloy come from changes in the density, spatial distribution and local chemistry of open volume defects, which act as positron traps. The lifetime of a positron trapped in an open volume defect is always larger than the lifetime of positrons freely moving in the bulk of the material, because the local electron density in the trap is always lower than in the bulk. However, the lifetime of a trapped positron is determined in a rather complex way by the atomic species in contact with the trap, through the effect on the electron density of the atomic potentials and of the local relaxation of the lattice.
Coincidence Doppler broadening measurements
CDB measurements were performed using two hyper-pure Ge gamma spectrometers ($50% relative efficiency for the 60 Co line at 1.33 MeV) coupled to a multiparameter acquisition system. The one-dimensional momentum spectrum (p x ) was obtained by summing the counts in the two-dimensional spectrum S(E 1 , E 2 ) along the line p x ¼ (E 1 À E 2 )/c in the interval 1022 keV À ÁE5E 1 þ E 2 51022 keV þ ÁE, where ÁE ¼ 2.1 keV. The momentum resolution (3.5 Â 10 À3 m 0 c for the full width at half maximum, FWHM, of the Gaussian resolution curve) was evaluated from the Doppler-free one-dimensional energy spectrum that one obtains by summing S(E 1 , E 2 ) along the lines E 1 þ E 2 ¼ constant. All measurements were taken at liquid nitrogen temperature (LNT).
The analysis of CDB spectra, aiming at the evaluation of the atomic fraction of each element in the proximity of vacancies and vacancy-like defects, was carried out on the basis of an improved version of the procedure suggested by Somoza et al. [6] , as described in appendix A. The atomic fractions obtained from CDB spectra reflect the average environment of the positron traps. In the present case, the important positron traps are essentially of two kinds: vacancies associated with solute aggregates (disordered clusters, GP zones, precipitates) and vacancy-like defects in misfit surfaces. The former kind of trap is important in the initial stages of decomposition, when clusters and GP zones are formed. On the other hand, when a dense net of misfit surfaces is formed as a consequence of fine precipitation of semi-coherent or incoherent particles, the traps at the surface of a precipitate are likely to be dominant and to screen those contained inside the particle. Coarsening of the precipitates reduces the probability for a positron to reach a trap; this is observed in CDB as a decrease of the fraction of positrons annihilated in traps.
Transmission electron microscopy
Transmission electron microscopy (TEM) observations were performed by a Philips-FEI CM200 microscope operating at 200 kV. The samples were prepared by conventional thinning procedures. Specimens with 3 mm diameter were cut from heat-treated 5 mm diameter discs and the thickness was mechanically reduced to 0.2 mm. Further thinning was carried out by double-jet electropolishing with a 30% HNO 3 solution in methanol at À35 C and 10 V.
Small-angle X-ray scattering
SAXS experiments were performed at ESRF (beamline BM26B) at the fixed X-ray wavelength of 0.775 Å . The scattered radiation was detected by a multiwire chamber at a distance of 1.42 m from the sample. The information was analyzed in the range of the modulus of the scattering vector q (q ¼ 4sin(/2)/, being the scattering angle) from 3.4 Â 10 À2 Å À1 to 0.7 Å À1 . The 2-D spectrum was circularly averaged to obtain the 1-D spectrum I(q), which was calibrated by comparison with the spectrum measured in the same conditions for a reference sample.
The treatment of the data, yielding the Guinier radius R G and the integrated intensity
is described in appendix B. In a two-phase model, Q 0 is related to the volume fraction f V occupied by the scattering centres as given by the equation:
where Á is the average electron density difference between the scattering centres and the matrix. Neglecting the small contrast between Mg and Al as well as the residual content of solute in the matrix, one can write
where " Z p , " Z m are the average atomic numbers, respectively, at the scattering centres and in the matrix, p , m the atomic volumes at the scattering centres and in the matrix, C 
It must be kept in mind, however, that the volume fraction and the number density given, respectively, by equations (4) and (5) 
Results and discussion
Preliminary mechanical and calorimetric characterization
The results of the present investigation will be discussed below taking into account DSC and microhardness data reported previously [9] for the same alloy and thermal treatments. For the convenience of the reader, some relevant results of that study [9] are also shown here. Table 1 lists the microhardness values (VHN, Vickers hardness number) that were attained after selected heat treatments; figure 1 displays the corresponding DSC traces.
As-quenched samples and RT evolution
Natural ageing is known to produce significant hardening in AlZnMg alloys; in the present case, this is confirmed by a non-saturated increase from 43 to 104 VHN after 42 days at RT [9] . The presence of solute aggregates is also documented from the beginning of natural ageing. Curve A in figure 1, which is a thermogram taken as soon as possible (a few minutes) after solution treatment and quenching, shows two small dissolution stages, d1 and d2, that reveal early solute aggregation taking place before the DSC scan. Although the occasional presence of small GP zones in as-quenched samples cannot be excluded, it seems reasonable to associate stages d1 and d2 to solute clusters of different composition, possibly acting as precursors of different kinds of GP zones. It may be seen that, after holding the alloy at RT for 42 days (curve B, figure 1), only stage d1 is considerably reinforced. This behaviour suggests identifying d2 with vacancy-rich clusters of pure or nearly pure Zn that are known to form in AlZnMg when quenched from temperatures above 450 C [7, 8, 17, 18] but cannot develop at RT. A definite TEM identification of the origin of the two stages d1 and d2 was not possible in as-quenched samples or even in samples aged for 100 hours at RT. A faint signal of GP(I) zones becomes visible in TEM diffractions (h100i Al orientation, figure 2a) after 7 months at RT. In the same sample, spots at 1/3 {422} Al in the h111i Al orientation can be attributed to GP(II) zones (figure 2b) [8] . Figures 2c and d show the schematic representation of the h100i Al and h111i Al zone axis patterns, respectively. According to these TEM results, it may be concluded that the growth of GP zones at RT takes place in a time scale of the order of a few months.
On a much shorter time scale, changes in the spatial distribution and in the chemical composition of vacancy-solute aggregates containing can be observed by positron annihilation spectroscopy. Figure 3 depicts the evolution of the positron mean life during a little more than 1 day at RT after solution treatment and quenching. The steep initial increase, which occurs in about 1 hour, and the more Curve labels correspond to the tempers reported in table 1 (after Riontino and Massazza [9] ).
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gradual decrease taking place in the following 5 h give a clear indication that initial phenomena of solute aggregation assisted by quenched-in vacancies take place on a time scale of the order of a few hours. The non-monotonic behaviour of the LS curve is an anomaly that has never been observed before during natural ageing for other Al-based alloys (see, for comparison, the curves obtained for AlCu, AlCuMg, AlZnMgAg [2, 3, 19, 20] ). Similar trends of the positron lifetime curves were already known for AlZnMg and for AlCuMg alloys only in situations of secondary ageing at RT [2, 3, 19] . Since during ageing at RT neither the concentration of vacancies increases nor is there formation of misfit interfaces, the rising branch of the positron lifetime curve at RT cannot be interpreted due to an increase of the positron trap density. The observed behaviour can only be the effect of changes in the morphology and chemical environment of the positron traps. A scenario consistent with the trend displayed in figure 3 as well as with CDB results (see below) is as follows: (i) at the beginning of RT ageing, i.e. just after quenching, trapped positrons already probe a high average concentration of Zn, which keeps the average lifetime below 212 ps;
(ii) fast aggregation of Mg during the initial phase of decomposition at RT leads to a rapid increase of the lifetime to above 214 ps; (iii) after a few hours, further enrichment of Zn occurring with a slower rate than the initial Mg aggregation promotes an asymptotic lifetime decrease. The increase of the number of positrons annihilating in the matrix due to coarsening of the trap distribution, which is revealed by CDB and SAXS results discussed below, also contributes to the decrease of the positron lifetime at long ageing times, but this is not essential for modelling the results of figure 3 . Actually, the curve through the experimental points in this figure is the result of a best-fit calculation carried out in accordance with the model proposed previously [2, 3] , which mimics the change in the chemical composition in contact with the positron traps as the competition between two species of traps, but neglects the fraction of positrons annihilating in the matrix. The best-fit curve of figure 3 was calculated with 203 ps and 226 ps for the positron lifetimes in the two species of traps; the evolution of the corresponding trapping rates was modelled as an exponential increase to a horizontal asymptote with time constants of 132 min and 41 min, respectively. The above best-fit data refer to the oversimplified mechanism at the base of the model and should not be taken too literally.
A better insight to clustering of different solute species with different kinetics is given by the results shown in table 2 and figure 4, which come from the analysis of CDB spectra based on the linear combination model discussed in appendix A. Figure 4 shows that the rapid initial increase of the positron lifetime coincides with aggregation of Mg, as indicated by the increase (from about 2% to 7%) of the Mg fraction in contact with vacancies, which occurs during the first hour of heating and is concomitant with a moderate decrease (from 56% to 54%) of the relative contribution of Zn. During all the subsequent duration of the CDB experiment (from 1 h to 1 month), aggregation of Mg continues, but two new factors come into play, which concur to the decrease of the positron lifetime that was observed after about 1 h at RT: (i) steady rise of the Zn fraction (see figure 4) ; (ii) slight decrease of the fraction of positrons trapped at vacancies associated with solute (see table 2). The latter circumstance is consistent with the SAXS data presented further below in this section, which indicate coarsening of the distribution of the solute aggregates. It may be noted that CDB still reveals progress of Mg aggregation during times extended beyond the first 16 h or so, when symptoms of evolution are no longer evident in the LS curve (figure 3). The picture that emerges from the combined reading of LS and CDB results is thus the following: (i) there is a strong tendency of Zn to form clusters in contact with vacancies during or immediately after quenching: on average, between 6 and 7 of the 12 nearest neighbours of a vacancy are Zn atoms; the other 5 or 6 nearest neighbour sites are mostly occupied by Al atoms, with a contribution of Mg just above the nominal composition (1.5 at%); (ii) after cooling to RT, aggregation of Zn continues at a very slow rate (from about 54% to 62% between 1 h and 1 month) while that of Mg begins very rapidly, with a jump from 2 to 7% in the first hour and to 20% after 16 h, and continues to above 30% in 1 month; conversely, the Al fraction in contact with vacancies diminishes drastically (less than 1 Al atom over 12 nearest neighbours after 1 day); (iii) after a month at RT, the Zn/Mg ratio is close to 2/1. It must be recalled that CDB data reflect the chemical composition in contact with positron traps. In general, this is not the average composition of an ordered structure (GP zone) containing vacancies in their minimum energy position. The present case, however, might be an exception.
As mentioned above, TEM shows that GP zones do not develop easily at RT in this alloy; thus, at least for the first part of the CDB measurements, the dominant positron traps are vacancies distributed more or less at random inside disordered solute clusters. In these conditions, the CDB data should be close to the average concentration of the clusters, which, according to the present results, seems to be richer in Zn than measured by tomographic atom probe for well-developed GP zones in a similar alloy (Al-2.1 Zn-1.7 Mg at.%, after one week at 60 C) [16] . The geometric aspects of the early stages of formation and evolution of solute clusters, are elucidated by SAXS measurements. Figure 5 depicts the results of a SAXS run in-situ at RT for 18 h þ a point taken with a sample aged 4 days ex-situ. The three frames of this figure show (beginning from the top) the Guinier radius R G , the integrated intensity Q 0 and the ratio Q 0 =R 3 G . The scales at the right show the volume fraction and the number density of the scattering centres, evaluated according to equations (4)- (5) (see the discussion of these equations in the previous section). The lines through the experimental points are only a guide for the eye. These results show a dense distribution (between 5 and 9 Â 10 19 particles/cm 3 ) of very small clusters (Guinier radius from 4 to 6 Å ). It is interesting to note the following points: (i) the extrapolation of the integrated intensity to t ¼ 0 seems to give a value Q 0 (t ¼ 0)40 and this is consistent with the initial presence of solute clusters that is also revealed by all other techniques previously discussed; (ii) the evolution of the integrated intensity is well correlated in time with the progression in solute clustering shown by the CDB data in figure 4 ; (iii) the number density of the scattering centres begins to decrease after about 1 h, and this is in accordance with the decrease of the positron lifetime ( figure 3 ) and the concomitant increase of the fraction of positrons annihilated in the matrix (table 2).
3.3. Two steps ageing: 4 days/RT 1 evolution at 95 C
Holding the alloy at 95 C after 4 days pre-ageing at RT was found to give the highest hardening among the various heat treatments tested by Riontino and Massazza [9] , who report a non-saturated value of 135 VHN attained after 7 days. DSC results (curve C in figure 1) show that in these conditions the main family of solute aggregates is associated with the d2 dissolution stage. The labelling of this stage is the same used for thermogram A to suggest, if not the identity, at least a close connection between the structures that dissolve at the same temperature (about 220 C) in samples A and C. According to the TEM results by Berg et al. [8] , the dominant aggregates formed at temperatures near to 100 C, after quenching from temperatures above 450 C, are GP(II) zones, coming from the decomposition sequence supersaturated solid solution ! vacancy-rich clusters ! GP(II). This suggests to identify stage d2 in sample A as the dissolution of vacancy-rich clusters (embryonic GP(II) zones) formed during quenching, and the reinforcement of the same DSC signal in sample C as the dissolution of well-ordered GP(II) zones grown at 95 C. A shoulder on the left side of stage d2 is probably a residual of stage d1 displaced toward higher temperature, implying that the most stable among the clusters or GP(I) zones formed during RT pre-ageing survive at 95 C. These attributions are coherent with the TEM diffraction pattern shown in figure 6a , which reveals the presence of both GP(I) and GP(II) after 4 days at RT þ 8 hours at 95 C. It must be noted that this pattern was taken in the 2]) where a dense distribution of small objects with a mean diameter of 2 nm can be observed.
Heating at 95 C after 4 days pre-ageing at RT gives an initial reversion phenomenon, which brings the hardness from 87 to 75 VHN after the first hour at 95 C [9] . Reversion is also clearly reflected in the dependence of the positron lifetime on the ageing time (see figure 7) , which displays a drop of about 1 ps after a few minutes at 95 C, followed by a monotonic increase that begins after about 1 h. The initial drop is consistent with rapid dissolution of small clusters formed at RT, as confirmed by SAXS results shown further below. CDB data (figure 8), taken for ageing times from 8 h up to 22 days at 95 C, demonstrate that the rising branch of the positron lifetime curve in figure 7 is the combined response to the increase of the positron trapping probability (F ¼ 88.6% at the beginning of exposure at 95 C, then near to 100% at and after 8 h) and to changes in the chemical environment of the vacancies. Figure 8 shows that: (i) on a short time scale (less than 8 h), an increase of the Al fraction (from 13% to more than 30%) which is compensated by a concomitant decrease of the Mg fraction; (ii) on a longer time scale (from 8 h to a month), a decrease of the Zn fraction from 62% to 52% which is compensated by a partial recuperation of Mg (from 6.5 to 17%). The rapid drop of the CDB atomic fraction of Mg suggests that reversion tends to affect Mg rather than Zn: in other words, the less stable aggregates that dissolve as soon the sample is brought to 95 C seem to be Mg-rich clusters rather than Zn-rich objects. However, further changes of the chemical environment of the vacancies, observed on the long time scale, seem to 
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A. Dupasquier et al. show that the growth of the GP zones occurs by preferential aggregation of Mg rather than of Zn. This is reasonable, on account of the reinforced Mg supersaturation of the matrix ensuing from the rapid dissolution of Mg-rich clusters. However, it may also be argued that the CDB results could come from chemical ordering of the GP zones rather than from a change in the average composition during the growth. Ordering might affect the location of the vacancies inside the zones, bringing them preferentially in contact with one species of solute instead of the other. The results of SAXS measurements taken in-situ at 95 C during about 7 h are shown in figure 9 . The right axis of the two lower frames indicates the volume fraction and the number density of the scattering centres evaluated with the approximations of equations (4) and (5), respectively. Figure 9 shows (i) steady increase of the Guinier radius up to a maximum of about 0.9 nm at the interruption of the measurement, in good agreement with the TEM evaluation of the size of the objects visible in figure 6 ; (ii) an initial rapid fall of the integrated intensity (and volume fraction) corresponding to the reversion phenomenon discussed above, followed by a rising stage; (iii) the Q 0 =R 3 G ratio (thus the number density) also displays the initial fall due to reversion, then tends to a constant level, as expected when there is accretion of the solute aggregates without further nucleation.
In summary, the combined reading of TEM, PAS (LS, CDB) and SAXS results contribute the following information: (i) ageing at 95 C dissolves a very large number (about 80%) of the clusters or small GP zones formed during 4 days pre-ageing at RT; (ii) Mg-rich particles are affected by reversion more than Zn-rich objects; (b) GP zones grow on the particles which have survived reversion without need of new nucleation; (iii) the size increase of the GP zones takes place by incorporation of Al and solute in constant percentages, but the Mg fraction is possibly increasing at the expenses of Zn. 
One-step ageing at 150 C
Artificial ageing at 150 C, applied after the solution treatment and quenching without a pre-ageing period at lower temperature, does not give significant hardening in this alloy [9] . Thermogram D in figure 1 shows that the phases related to stages d1 and d2, which are associated with hardening respectively at RT and at 95 C, are suppressed after extended ageing (21 days at 150 C). The broad endothermic signal corresponds to the dissolution of a variety of more stable particles, which certainly includes phases 0 and . Positive TEM identification of GP(II), 0 and in a sample aged 30 hours is revealed by the diffraction pattern taken in the h111i Al direction (figure 10a). The TEM image taken in the h001i Al direction (figure 10b) shows a sparse distribution of particles with dimensions between 5 and 15 nm.
Positron lifetime data ( figure 11) show an initial drop, ending in about 1 h, followed by a steady increase. The initial drop is a symptom of reversion of the small vacancy-solute complexes that exist in the as-quenched sample; the following increase comes from the formation semi-coherent or incoherent precipitates which trap positrons at vacancy-like defects on the misfit interfaces with the matrix.
The CDB data reported in table 3 and figure 12 support this explanation and add interesting details. From table 3 one can see that after the first 30 min at 150 C, the partial dissolution of the solute-vacancy clusters existing in the sample after quenching leads to a drop from 96% to less than 50% of the positron trapping fraction F. The vacancy-solute clusters which resist reversion are very rich in Zn (82%). At later stages of ageing, when misfit interfaces begin to be formed, positron trapping increases again. However, even in an advanced stage of ageing (21 days), positron trapping is not as strong as in samples aged at lower temperatures (see the cases discussed in the previous subsections); the difference indicates a lower density of the spatial distribution of traps than in the previous cases. The Zn fraction in Table 3 . SAXS experiments were carried out in-situ for 30 min and ex-situ on a different sample aged 48 h. Figure 13 shows plots of I(q)q 2 vs. q taken at intervals of 3 min starting from the as-quenched condition. The following features can be noted: (i) immediate dissolution of a large fraction of the small scattering centres that were present in the as-quenched condition; (ii) for any ageing time from 3 min to the end of the experiment, persistence without noticeable changes in shape and intensity of the I(q)q 2 distribution for q40.25 Å À1 ; (iii) progressive increase of a peak in the region q50.25 nm. Reading these results in combination with positron annihilation data, one may infer that the fraction of small scattering centres that persists after short exposure at 150
C is the population of Zn-rich clusters observed by CDB, and that the bigger particles that begin to appear are the precursors of the semi-coherent or incoherent precipitates 0 and that will dominate at later stages of ageing. An attempt to isolate the contribution of the bigger particles can be done on the assumption that the SAXS spectrum of the smaller particles changes in intensity but not in shape when the sample is heated for a short time. Thus, the distribution measured for the as-quenched sample was smoothed and scaled down to the same maximum height of the distributions measured after heating (dashed line in figure 13 ), and subtracted as a time-independent background from the other distributions. The outcome of this manipulation is presented in figure 14 . The results of the quantitative analysis of the curves in figure 14 are reported in figure 15 , which shows the evolution of the Guinier radius, the integrated intensity Q 0 , the ratio Q 0 =R 3 G , and the approximated estimates of the volume fraction and number density evaluated according to equations (4)- (5). The results of the analysis for the sample aged 48 hours (not included in figure 15 
À6 Å À9 ; equations (4)- (5) give f V ¼ 3.7%, n ¼ 1 Â 10 17 cm À3 . The information regarding the mechanism of precipitation at 150 C can be summarized as follows. The small clusters existing in the as-quenched material do not act as seeds for the nucleation of the more stable and bigger precipitates 0 and , which become visible to TEM after ageing for several hours. The fraction of small clusters which are richer in Mg is immediately dissolved; the clusters that survive at least 30 min at 150 C are almost pure Zn bound with vacancies. Particles with a radius of the order of 1 nm are formed within minutes and grow rapidly in size (almost 2 nm after 30 min) and volume fraction; at least for the first 30 min, it seems Figure 14 . Data of figure 13 in the small-angle region, after subtraction of the large-angle component (distributions taken at intervals of 3 min during ageing in-situ at 150 C).
Hardening nanostructures in an AlZnMg alloythat the growth of the new particles is driven by the matrix supersaturation without need to draw solute from the residual small Zn clusters. In this instance CDB does not give information on the average composition of the solute aggregates, because positrons are trapped at interfaces between matrix and precipitates; it is interesting, however, to note that the Zn/Mg ratio probed by positrons at the surface of the precipitates (about 1.3) is well below the Zn 2 Mg stoichiometry expected for the ideal phase. This might be a symptom of segregation of excess Mg from the precipitates when chemical ordering takes place.
Secondary ageing at RT after 30 min at 150 C
Ageing at a lower temperature after a treatment at a higher temperature may give a considerable hardness enhancement. As reported in table 1, in the present occurrence an unsaturated hardness level of 95 VHN was obtained with temper E (30 min/ 150 C þ 17 days/RT). The corresponding DSC trace (line E in figure 1) , which is very similar to line B, demonstrates that hardening is related to the same calorimetric stage d1 that is responsible for hardening with natural ageing. The dependence of the positron lifetime on RT ageing time ( figure 16 ) displays the non-monotonic trend that, as mentioned above in section 3.1, is typical of secondary ageing in AlZnMg and AlCuMg alloys [2, 3, 19, 20] .
CDB data in table 4 and figure 17 show that the initial low value of the positron lifetime comes from a large fraction of positrons annihilating in the matrix and from the high concentration of Zn in contact with vacancies.
The SAXS results reported in figure 18 indicate that after 30 min at 150 C the growth of the large precipitates (small peak near to q ¼ 0.1 Å À1 in figure 18 ) is still in a very initial stage and the dominant particles are still the VRC which were present after quenching. When the heat treatment at 150 C is interrupted, the precipitates of nanometric size stop growing; instead, the residual supersaturation gives rise to the formation of a dense distribution of new sub-nanometric clusters (large peak in the q region between 0.35 and 0.45 Å À1 in figure 18 ). The quantitative analysis of this peak is presented in figure 19 .
The CDB data of figure 17 indicate that the small clusters newly formed at RT give strong positron trapping in an environment that contains less Zn and more Mg and Al. It can be noted that the Al fraction in contact with vacancies is larger in this case, where part of the solute has been removed from the matrix during the preliminary treatment at high temperature, in comparison with natural ageing, when precipitation is driven by the full supersaturation which is available after quenching. Hardening nanostructures in an AlZnMg alloy
Final remarks
This work is the first attempt to combine complementary information coming from positron annihilation techniques and from SAXS, for thermal states already well-characterized by DSC and with the support of TEM identification of GP zones and precipitates. The results show a remarkable degree of consistency between all these techniques that leaves no room for ambiguous interpretations. The authors only regret that they had no access to atom probe tomography, results of which would certainly be interesting to compare to CDB spectroscopy. In spite of this missing piece of information, the present work adds valuable knowledge on the . Vacancy-rich clusters (VRC) are formed during or immediately after quenching. As already mentioned, the existence of VRC just after quenching in AlZnMg alloys has been reported by several authors. However, as remarked by Lendvai [7] , the existing literature gives no direct information on size and composition of these clusters. The present work gives an answer. Weak DSC dissolution signals (d1 and d2) show the existence of two families of VRC with different thermal stability. A well resolved SAXS distribution confirms the presence of early solute clustering. The particles revealed by SAXS have a Guinier radius of about 4 Å . The corresponding volume fraction and number density would be 1.5% and 6 Â 10 19 cm À3 , respectively, when calculated according to equations (4)-(5) (0.7% and 2.7 Â 10 19 cm À3 , respectively, if the Zn concentration is taken as 82%, as suggested by CDB for the most stable clusters). In the SAXS distribution for the as-quenched sample there is no evidence of two different families of clusters. However, the evidence comes from the comparison (see figure 19 ) between the SAXS distributions taken before and after heating at 150 C. Since this temperature is between the two dissolution signals d1 and d2, the heat treatment suppresses the family associated with d1 and leaves the other family unaffected. Positron annihilation spectra (LS and CDB) also confirm the existence of VRC in the as-quenched sample. In particular, CDB indicates the presence of several Zn atoms around each vacancy (on average, between 6 and 7 Zn atoms per vacancy); on the contrary, there is no indication of Mg-rich VRC. When the family of clusters associated with the d1 DSC signal is suppressed by heating at 150 C, the average Zn concentration in contact with vacancies increases from 56% to 82% (about 10 atoms per vacancy). This result makes clear that the two families of clusters differ in their Zn content, the more stable being the richest in Zn. . The reinforcement of the d1 signal which can be observed passing from trace A to trace B of figure 1 suggests that the solute aggregates formed at RT are structurally similar to the less stable family of VRC (Zn diluted with Al and Mg). They may come in part from further aggregation of solute to pre-existing nuclei, but the Q 0 =R 3 G curve in figure 5 shows additional nucleation for the first few hours; the coalescence regime sets on after about 3 h. Mg takes part in the formation of clusters at RT; the Mg/Zn ratio in contact with vacancies increases gradually from less than 1/100 up to 1/2 in one month. The particles are very small (Guinier radius of about 6 Å after 4 days) and cannot be imaged with conventional TEM. Signals associated with GP zones were observed in electron diffraction patterns only after very long ageing (7 months). It may be argued that the transformation of coherent solute aggregates from disordered vacancysolute clusters to GP zones takes place on a time scale of a few months. . GP zones are formed at 95 C after RT pre-ageing. The attribution to GP(I) and GP(II) zones of the strong hardening effect observed with this two-step treatment is based on the identification of characteristic diffuse spots in the electron diffraction pattern ( figure 12) . Most of the coherent aggregates formed during pre-ageing are quickly dissolved when the sample is heated at 95 C, thus have no direct influence as seeds for the nucleation of the new particles; however, this role can be played by Zn-rich VRC formed during quenching after the solution treatment. The vacancies incorporated in the GP zones are in contact with a percentage of Al which is larger than the Al content of the clusters formed at RT. . TEM shows that precipitation at 150 C leads to the formation of 0 and particles, which co-exist with GP(II) zones. The SAXS study of the early stages of precipitation at this temperature demonstrates that the new particles nucleate independently on the presence of residual VRC. Positrons trapped at the precipitate-matrix interfaces probe less Zn and more Mg than expected for the equilibrium stoichiometry Zn 2 Mg; this result might indicate interface localization of Mg segregated from the precipitates. . For secondary ageing, the SAXS data demonstrate that the excess solute left in the matrix after the interruption of a treatment at high temperature does not contribute to the accretion of the precipitates formed during the preliminary heat treatment. Instead, the residual supersaturation promotes the independent formation of small solute clusters, which are characteristic of the alloy evolution at RT. The chemical composition of these clusters may however be different (less Mg and more Al) from that of the clusters formed in presence of the higher level of supersaturation that exists in a freshly quenched sample. :
The linear combination can be expressed in the form
where F is the fraction of positrons that are trapped at open volume defects (vacancy-solute complexes and misfit region at the matrix-precipitate interface), C E is the fractional contribution of element E to the annihilation rate of trapped positrons (if one neglects the distortion of the positron wavefunction due to the different positron affinities with the different atoms in contact with the trap, C E can be taken as equivalent to the fractional concentration of the element E in contact with the positron trap), free matrix is the CDB spectrum for free positrons annihilating in the alloy matrix, and trap E is the CDB spectrum for positron annihilated in a trap fully embedded in element E.
In the present analysis, the fraction F and the coefficients C E were used as adjustable parameters for the best-fit procedure. Neglecting the small contribution to annihilation due to the minority alloy components when dissolved in the matrix, the spectrum free matrix was assumed to be coincident with the spectrum free Al that was known from an independent experiment with well-annealed Al. As suggested by Somoza et al. [6] , the reference spectra trap E were obtained from measurements with deformed samples (450% thickness reduction) of high purity elements. A lifetime spectrum was measured simultaneously with each trap E spectrum, in order to ascertain that 100% positron trapping was actually occurring in the deformed sample; if this was not the case, the CDB spectrum was corrected by subtracting the contribution due to free positrons and renormalizing to unit area. The reference spectra . The data are for a sample aged 14 h at RT after solution treatment and quenching. The solid line is the best-fit curve used for evaluating the high-q limit A.
In this work, as in any practical situation, the spectra are collected only in a restricted interval (from q min to q max ). Thus, as shown in figure 24, Q 0 needs to be determined as the sum of three terms Q s:a: þ Q meas: þ Q w:a :, where 
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A. Dupasquier et al. is the very small contribution due to scattering at small angles, is the area at wide angles extended beyond q max , which can be evaluated in accordance with the Porod limit. In the presence of sub-nanometric scattering centres, Q w.a. turns out to be an important fraction (30-40%) of the full integral. For all data reported below, the overall experimental relative uncertainty ÁQ 0 /Q 0 , which for a large extent comes from the propagation of the error in the Q w.a. term, is about 5%.
